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OPTICAL MICRO-ACTUATOR 

Field of the Invention 

The present invention relates to optically driven micro actuators, where light is 
5 used to perform a mechanical or micromechanical motion, linear or angular. 
Background of the Invention 

A large variety of actuators creating linear or angular movements are used in 
mechanical and micromechanical sub systems, these are based on; mechanical, 
thermal, electrostatic, magnetic, hydraulic, pneumatic and piezoelectric movement 

10 principles Novel actuator systems may include more than one movement or actuating 
principles. The actuators are transferring mechanical, thermal, electrostatic, magnetic, 
hydraulic, pneumatic and piezoelectric energy into mechanical linear or angular 
movements. This movement, being proportional to the input signal, can be used to 
control various processes and to serve as an output of a control sub-system. 

15 Fiber lasers, fiber optics for communications and other systems for light delivery 

in the medical, industrial and remote sensing applications are recently handling high 
powers, namely, optical powers up to several watts in single fibers or waveguides. 

Summary of the Invention 

20 It is a broad object of the present invention to provide an optically driven micro 

actuator, where light is used to perform a mechanical or micromechanical motion, 
linear or angular. 

It is a further object of the present invention to provide an optically driven micro 
actuators, where light is used to perform a mechanical or micromechanical motion, to 
25 be used in optical waveguide or optical fiber systems, as optical power control 
elements, switches, shutters and other functions. 

It is a further object of the present invention to provide an optically driven micro 
actuators, where light is used to perform a mechanical or micromechanical motion, to 
be used in combined optical waveguide and electrical or electronic systems, as 
30 electric power control elements, switches or other functions. 
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It is a still a further object of the present invention to provide optically driven 
micro actuators, for use in a waveguide or optical fiber, the actuator being activated 
either by a broad range of wavelengths or a selected single wavelength 

In accordance with the invention, there are optically driven micro actuators of 
four kinds: 

1 A light actuated MOTMS (Micro- Opto-Thermo-Mechanical-System) where 
the light absorbing and expanding member is a solid. 

2 A light actuated MOTMS where the light absorbing and expanding member is 
a liquid or soft solid e.g. polymer; these are known to have large CTE 
(Coefficient of Thermal Expansion). 

3 . A light actuated MOTMS where the light absorbing and expanding member is 
a partially absorbing, bimorph micro-mirror, changing its shape, or radius of 
curvature when light impinges on its surface. 

4. A direct, light induced force, movement of a micro-mirror, having two micro- 
flexures as hinges. 

The novel concept in this invention, or in the MOTMS concept, is the "actuation 
by light", thus enabling actuation through optical fibers and waveguides or through 
free space, without the need for any additional energy source. 

The direct actuation, using the force exerted by the light impinging on a hinged 
mirror, is based on a well-known physical phenomenon, which until now was not 
realized in practical devices. 

The actuator has to fulfill the following requirements in order to comply with 
environmental requirements and with the state of the art of fiber network components: 

1 . Up to a few tens of milli- Watts of optical powers are available as inputs. 

2. Few micron movements are needed to intercept an optical beam at its focus. 

3. The actuator is able to intercept a powerful light beam of a Watt or more. 

4 The actuator is temperature compensated, designed as an a-thermal system for 
the operational environmental temperature range 

5. The actuator is able to switch or attenuate light or electric currents. 

6. The actuator reacts proportionally to the input signal. 

7. Multi color operation, sum of colors or single color operation, broad range of 
wavelengths, e.g. visible as well as 980, 1300, 1500 nm. 
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8. A direct, light induced front surface heating, on a micro-mirror, moving and 
spreading the retro reflected light beam. 

9. Feed back (passive) mechanisms are included in the actuator, comparing 
signal beam power with the reference. 

5 In the following section the details of the invention will describe the compliance with 
the requirements. 

Brief Description of the Drawings 

The invention will now be described in connection with certain preferred 

10 embodiments with reference to the following illustrative figures so that it may be 
more fully understood. 

With specific reference now to the figures in detail, it is stressed that the 
particulars shown are by way of example and for purposes of illustrative discussion of 
the preferred embodiments of the present invention only, and are presented in the 

15 cause of providing what is believed to be the most useful and readily understood 
description of the principles and conceptual aspects of the invention. In this regard, 
no attempt is made to show structural details of the invention in more detail than is 
necessary for a fundamental understanding of the invention, the description taken with 
the drawings making apparent to those skilled in the art how the several forms of the 

20 invention may be embodied in practice. 

In the drawings: 

Fig. 1 is a schematic, cross-sectional view of a MOTMS (Micro- Opto-Thermo- 
Mechanical-System) actuator where the light absorbing and expanding member is 
solid, embodying the present invention. 
25 Fig 2 is a schematic cross-sectional view of a light actuated MOTMS (Micro- 

Opto-Thermo-Mechanical-System) where the light absorbing and expanding member 
is solid and environmental temperature compensation is performed, embodying the 
invention. 

Fig. 3 is a schematic cross-sectional view of a light actuated MOTMS where the 
30 light absorbing and expanding member is a liquid or polymer embodying the 
invention in a two dimensional actuator. 
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Fig. 4 is a schematic cross-sectional view of a light actuated MOTMS where the 
input light is filtered at the entrance to each actuator, enabling to select the operating 
actuator by the color of the signal, is embodying the invention. 

Fig 5 is a schematic cross-sectional view of a direct, light induced force, 
5 movement of a micro-mirror, having two micro-flexures as hinges, embodying the 
invention. 

Fig 6 is a schematic cross-sectional view of a light actuated MOTMS where the 
light absorbing and expanding member is a partially absorbing, bimorph micro- 
mirror, changing its shape, or radius of curvature when light impinges on its surface, 
10 embodying the invention. 

Fig. 7 is a schematic view of movement extension devices embodying the 
invention. 

Fig. 8 is a schematic cross-sectional view of a "flip-flop" device actuated by 
MOTMS. 

15 Fig. 9 is a schematic view of an optically actuated VOA (Variable Optical 

Attenuator) device, attenuating at the cross over point. 

Fig. 10 is a schematic view of an optically actuated VOA device, attenuating by a 
tilting mirror. 

Fig. 11 is a schematic view of an optically actuated VOA device, attenuating by 
20 lateral movements of a retroreflector. 

Fig. 12 is a schematic view of an optically actuated VOA device, attenuating by 
lateral movement of a leaf into a "cats eye retroreflector". 

Fig. 13 is a schematic view of an optically actuated VOA device, attenuating by 
frustrated total internal reflection. 
25 Detailed Description of Preferred Embodiments 

Referring now to Fig. 1, there is shown an optical fiber 2 leading light beam 8 
into a linear actuator 6, having a hollow, partially absorbing and partially reflecting 
internal volume where the light beam 8 is absorbed when it impinges multiple times 
on the walls As a result of the absorbed light, heat is generated in the solid part of the 
30 actuator 6 and its length changes from its original length L, adding an additional 

length 10, to the new length L+AL The optical fiber 2 and the actuator 6 are mounted 
on a base 4 that serves as a reference point for measurements as well. The partially 
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absorbing-partially reflecting internal volume may be e g. exposed Aluminum or 
Silicon having few percent (up to about 7-8%) of absorption, or coated with an 
absorbing coating having high absorption (up to 50%). The use of low absorption of 
few percent is advantageous since in this way the absorption is occurring along the 

5 whole length of the actuator. As an example, actuation of about 2.5 micrometers can 
be achieved using an Aluminum actuator 1mm long, heated by the absorbed light to 
100°C above the environmental temperature. Cooling down, after heating, is due to 
heat transfer to the base 4 and the environment. 

The actuating device of this invention as shown in Fig. 1 has the following 

10 advantages: 

• It is absorbing optically in broadband and can be actuated by all light bands 
commonly used in optical communication systems, e.g., at wavelengths of 0.8, 
1.3 and 1.5 micrometers. 

• It can be actuated by a plurality of wavelengths; the absorption is summing 
15 them up. 

• It is (light) polarization independent. 

• It is applicable to single and multi-mode optical fibers or optical beams as an 
input. 

The disadvantage is its environmental temperature dependence, generating 
20 unwanted thermal expansion, which acts as "noise" added to the actuating light 
"signal". The scheme in Fig 2 shows how to compensate this phenomenon. 

Referring now to Fig. 2, there is shown an optical fiber 2 leading light beam 8 
into a linear actuator 6, having two hollow, partially absorbing and partially 
reflecting, identical, internal volumes, or two actuators like described in Fig. 1 The 
25 two actuators are connected together at the two ends, the base plate 4 and the opposite 
end, thus constructing a rectangular rigid frame of a single material. When the light 
beam 8 is absorbed, after it impinges multiple times in its hollow volume the hot arm 
of the rectangular frame expands, and the frame 6 assumes the shape 12, having 
lateral movement AH. The lateral actuation AH is environmental temperature 
30 independent due to the symmetry of the shape 6, that remains rectangular at 

temperature changes affecting the whole structure (the structure is "soaked" in the 
environmental temperature). The device, or invention in Fig.2 can react to the sum of 
light beams, when they are introduced in the same port or fiber, e.g. fiber 2. It can 
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react proportional to the difference in the power of two light beams when the two 
beams are introduced in different ports or fibers, i.e. one in fiber 2 and the other in 
fiber 14. The structure can be micro-machined, and the absorbing volumes can be of 
round or rectangular cross section The displacement AH is few microns for heating 
5 powers of few tens of milliwatts, making this a low power consumption system. 
Fig. 3 illustrates an actuator having two additional features to the previous 
actuators described in Fig.l and Fig.2, namely; 

a. Actuation in two lateral directions, where the actuator has a cross section 
having four absorbing volumes as seen in 20, replacing the two volume 

10 cross section 4 described before. Introducing light into any of the four or 

into more than one absorbing volume 18,will actuate the end in two lateral 
dimensions, e.g. light in 2 will change shape 6 to 16 and light in 14 will 
change the shape 6 into 14. The same principle is applied perpendicular to 
the plane of the drawing creating linear movement into and out of the 

1 5 plane of the drawing. 

b. The use of an absorbing fill material in the absorbing volume, e.g. liquid 
or soft solid, e.g. polymer. Since liquids and polymers have large CTE one 
gets larger actuation distances using them in metallic, semiconductor, 
glass or silica containment 6. In this part of the invention filling 

20 techniques, in-situ polymerization techniques and high pressure sealing 

techniques are part of the actual solution, these were developed in the 
inventors* laboratory. 
Fig. 4 illustrates multi-wavelength, two-dimensional actuation of the actuator 
shown in Fig.3. One optical fiber 30 brings all four actuating light signals to the site, 
25 there an optical splitter 28 splits the signal into 4 multi-wavelength signals 26. The 
multi-wavelength signal is introduced into fiber 2 through an optical filter 22, letting 
through only the designated wavelength for this port. The same applies to multi 
wavelength signal 26 passing through filter 24 on the way to fiber 14. In this way one 
can control the two dimensional actuation through a single fiber 30 
30 Fig. 5 describes a direct, light induced pressure or force (due to the momentum of 

the light), movement of a micro-mirror 34, having two micro-flexures 36 as hinges, 
connected to a rigid frame 32. The mirror is e.g. 25x25 microns, 2 micron thick, 
coated with a reflective coating on one or both sides. The flexures are e.g. 3x2 

CHICAGO 236733 vl 55219-00008USPT 



8 



microns in cross section and 5 microns long. The signal beam 40, impinging on the 
mirror 34 far from its rotation axis, creates a moment and pushes the mirror to form 
an angle with frame 34, in this way an optical input beam 42, impinging centered on 
the axis of rotation of the mirror, which would be normally retro reflected, is diverted 
5 to direction 44. The angle of deflection is proportional to the force created by the 
beam 40. One can use a single coating on the mirror 34 and have beams 40 and 42 
impinge from the same side, or use double side coating and have beams 40 and 42 
impinge from the two sides as appears in Fig 5. 

Fig. 6 illustrates the schematic cross-sectional view of a light actuated MOTMS 
10 where the light absorbing and expanding member is a partially absorbing, bimorph 
micro-mirror, made of two different materials 46 and 48, where material 48 has 
higher CTE than material 46. This bimorph mirror is changing its shape, or radius of 
curvature when light impinges on its surface, and becomes a convex mirror 56 and 54. 
The change in the radius of curvature is diverting parts of the impinging beam out of 
1 5 the retro-reflected beam. In this way a self actuated limiting or attenuation effect is 
reached, the higher is the beam power, the more curved is the bimorph mirror, the 
more energy is diverted out of the retro-reflected path. Looking at a. we see that the 
bimorph mirror 70-72 is flat, at very low (e.g few mWatts) power, and the beam 62 
impinging through fiber 66 having a core 64 and a spherical, lens like, exit face, on 
20 the mirror and retro-reflected into the core 64 on its way out through fiber 66. When 
higher powers are used (up to few watts), situation b. exists. The bimorph mirror 80- 
82 is curved and the impinging beams cone 76 is reflected in cone 78, where a certain 
part of it the misses the core, or aperture, on its way back through fiber 66 
The assembly 74 is designed to be a-thermal, where the thermal change in 
25 curvature of fiber end 66, bimorph mirror 70-72 and length of holder 84, holder 68 
and total length of assembly 74 compensate each other when all are "soaked" in the 
same environmental temperature. In this way only the heating of the optical beam is 
causing the light to spread wider than the core aperture and not being conducted back 
through the fiber. 

30 Fig. 7 illustrates schematic view of movement extension devices; these are 

needed since the light actuated MOTMS have small (few microns) movements. The 
simplest and well known is the hinged 86 lever 90, that under the action of light 
actuated MOTMS 88 changes position to 92, creating lateral movement AH. This 
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movement is larger than the actuator's movement by the by the ratio of the lever 
length to the axis-actuator distance, and can be 10 to 20 times larger than the actuators 
movement. Larger displacements can be achieved using multiple levers 98 connected 
to a stable hinge 86 and a sliding hinge 96. The light actuated MOTMS 94 can 
5 generate displacement multiplications by few tens to a hundred when mounted in this 
way. The whole structure can be micro machined having flexure hinges. 

Fig. 8 illustrates is a schematic cross-sectional view of a "flip-flop" device 
actuated by MOTMS. The spherical shell, or a cylindrical shell or stripe 108, held by 
ring 1 10 "jumps" from its stable position 108 to its other stable position 1 14, due to 
10 the force created by the light actuated MOTMS 104. This device is pushed back to its 
original place 108 by force on the center of 1 14, manually or using an additional light 
actuated MOTMS 104. 

Fig 9 is a schematic view of an optically actuated VOA (Variable Optical 
Attenuator) device, attenuating at the cross over point 122. Here a light actuated 
15 MOTMS 124 moves in and out of the cross over point, attenuating partially or totally 
the light 116 coming through fiber 1 18. The dimensions of the focal spot are in the 
range of few micrometers, fitting nicely to the MOTMS actuation displacements. 

Fig. 10 is a schematic view of an optically actuated VOA device, attenuating by a 
tilting mirror 130, rotated angularly about the hinge 134 and manipulated back and 
20 forth by light actuated MOTMS 132. The light beam 128 is normally reflected into 
the core 120 in the direction 136. When actuated, the mirror tilts and the beam is 
vignetted by the aperture of core 120 (partially missing the core), and the power 
through the fiber is reduced. 

Fig 1 1 is a schematic view of an optically actuated VOA device, attenuating by 
25 lateral movements of a retroreflector 131, manipulated by light actuated MOTMS 
135. The advantage of using a roof or corner retroreflector is that the needed 
displacement is only half the diameter of the beam, "saving" half the displacement. 
The retroreflected beam 133 power is controlled by the actuators displacement. 

Fig. 12 is a schematic view of an optically actuated VOA device, attenuating by 
30 lateral movement of a lea£ manipulated by a light actuated MOTMS 137, into a "cats 
eye retroreflector" consisting of a positive lens at the end of fiber 118 and a mirror 
140 at the lens focus. In this case, similar to Fig. 12, one needs displacements only up 
to half of the beam or core diameter, which is typically up to 5 micrometers. 
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Fig. 13 is a schematic view of an optically actuated VOA device, attenuating by 
FTIR (Frustrated Total Internal Reflection). FTIR is a well-known phenomenon, 
based on principles of physical optics or wave optics The phenomenon expresses 
itself in disturbing the total internal reflection when material of high index of 

5 refraction is brought into close (up to few wavelengths or few micrometers) proximity 
with the reflecting surface. FTIR can be used for switching and attenuating, by 
controlling the gap between the reflecting material and the high index material. Here 
we control the gap size 8 using a light actuated MOTMS 152, pushing the high index 
material beam 148 (e.g. glass plate) toward the total internal reflection prism 146, 

10 taking advantage of the elasticity of beam 148. The initial gap 8 is set by spacers 150, 
to be few wavelength, Then beam 142 is reflected to 144, by actuating the light 
actuated MOTMS 152 the gap is closing to zero (the two glass pieces touch each 
other at the center) and the beam 142 is continuing its way in a straight line 154. 
When 8 is anywhere between the two values the power is split between direction 144 

15 and 154, thus enabling to control the power 

It will be evident to those skilled in the art that the invention is not limited to the 
details of the foregoing illustrated embodiments and that the present invention may be 
embodied in other specific forms without departing from the spirit or essential 
attributes thereof The present embodiments are therefore to be considered in all 

20 respects as illustrative and not restrictive, the scope of the invention being indicated 
by the appended claims rather than by the foregoing description, and all changes 
which come within the meaning and range of equivalency of the claims are therefore 
intended to be embraced therein. 

25 
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WHAT IS CLAIMED IS: 

1 A light actuated MOTMS (Micro- Opto-Thermo-Mechanical-System) 
where the light absorbing and expanding member is solid, having an internal partially 
5 absorbing, partially reflecting closed cavity, into which the light is brought through a 
fiber optic or a small aperture. The actuation, longitudinal displacement, is 
proportional to the input light signal 

2. A light actuated MOTMS where the light absorbing and expanding 
member is a liquid or polymer enclosed in a metallic, semiconductor, glass or 
10 dielectric containment. The longitudinal actuation displacement is proportional to the 
input light signal. 

3 A light actuated MOTMS built as a rectangular rigid frame, where two 
opposite members are actuators. The two light absorbing and expanding members are 
solid, having an internal, partially absorbtng-partially reflecting, closed cavity, empty 
1 5 or filled with liquid or polymer. Where the symmetry of the two actuators makes the 
frame a-thermal and the actuation of a single actuator creates a lateral movement. The 
lateral actuation displacement is proportional to the signal light input. 

4. A light actuated MOTMS built as a rigid frame, where two sets or 
more, of two opposite members are actuators. The four light absorbing and expanding 

20 members are solid, having an internal partially absorbing, partially reflecting closed 
cavity, empty or filled with liquid or polymer. Where the symmetry of the two 
actuators makes the frame a- thermal and the actuation of a single actuator creates a 
lateral movement in one direction and another actuator creates a lateral movement in a 
perpendicular direction, thus creating a two dimensional actuation. The lateral 

25 actuation displacement is proportional to the signal light input. 

5. A multi-color light actuated MOTMS where each of the actuators is 
operated by a single wavelength, selected by a dedicated filter at its entrance. A ' 
plurality of actuators is operated via a single fiber optic or wave-guide leading 
plurality of wavelengths. 
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6. A light actuated MOTMS where the light absorbing and expanding 
member is a partially absorbing, bimorph micro-mirror, changing its shape, or radius 
of curvature when light impinges on its surface and in this way attenuates the 
retroreflected light beam 

5 7. A direct, light induced force, movement of a micro-mirror, having two 

micro-flexures as hinges, where the actuating light impinges on the micro mirror at a 
distance from its axis of rotation, creating a flexural moment. The main beam, hitting 
at the axis of rotation, is deflected by the tilted micro mirror. 

8. A light actuated MOTMS where movement extension devices as a 

10 hinged lever or multiple levers are used, extending the actuation distance or changing 
its direction 

9. A MOTMS actuated "flip-flop" device where a bistable shell 
spherically or cylindrically shaped is pushed from one stable position to the other 
and/or back by an optically actuated MOTMS. 

1 5 10. An optically actuated VOA (Variable Optical Attenuator) device, 

attenuating at the cross over point of a light beam. 

11 An optically actuated VOA device, attenuating by tilting a mirror by 
the actuator. When the mirror tilts, the beam is vignetted, and the power through the 

20 fiber is reduced. 

12 An optically actuated VOA device, attenuating by lateral movements 
of a retroreflector, corner or roof shaped, manipulated by light actuated MOTMS. 

25 13. An optically actuated VOA device, attenuating by lateral movement of 

a leaf into a "cats eye retroreflector", consisting of a positive lens at the end of a fiber 
and a mirror at the lens focus. The leaf is manipulated by a light actuated MOTMS. 

14 An optically actuated VOA device, attenuating by frustrated total 
30 internal reflection, controlling the gap by a light actuated MOTMS, pushing the high 
index material beam toward the total internal reflection prism, taking advantage of its 
elasticity. 
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15 An optical actuator device as claimed in claims 1-14 substantially as 
hereinbefore described and with reference to the accompanying drawings 
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